The City of Belgrade receives most of its drinking water supply from the alluvial aquifer of the Sava River. The wells are radial, placed in the lower part of the aquifer, so they partly run below the Sava riverbed. However, the groundwater quality of the wells in one part of the source (near the confluence of the Sava and Danube rivers) is found to differ somewhat from the groundwater quality of the other wells. The finding gave rise to additional investigations. The results revealed the existence of a deeper, limestone aquifer which is isolated from upper alluvial sediments by a thick layer of clay in most of the terrain. The naturally potential hydraulic contact of the two aquifers was additionally maintained by well operation in this part of the source. According to multiple analyses of groundwater flow using a hydrodynamic mathematical model, a hydrogeological and hydraulic system of groundwater flow was defined. Although the wells are situated adjacent to the river, and some well laterals are below the riverbed, most of the groundwater that flows to the wells is partly from the wider zone of the alluvial aquifer, and partly from the deeper aquifer. The initial results of hydrochemical investigations also showed an unexpected, inverse oxic character of the groundwater in these two aquifers.
INTRODUCTION
The City of Belgrade is situated at the confluence of the Sava and Danube rivers. Drinking water supply is provided by 99 radial wells, from the alluvial aquifer of the Sava River. The entire Belgrade Groundwater Source is characterized by the following hydrochemical parameters: oxygen concentrations about 0.3 mg/L, iron ions about 2 mg/L, oxidation/reduction potential about 110 mV, and ammonium ions about 0.6 mg/L. The values represent a poor aerobic to poor anaerobic environment, with low oxygen concentrations and increased iron and ammonium ion concentrations (Dimkić et al. ) .
Exploratory boring near the confluence of the Sava and Danube rivers revealed the existence of limestone sediments below the alluvial aquifer. The two series of sediments are separated by an impermeable clay layer (Tripkovic ) . The left bank of the Sava River features alluvial sediments on the ground surface, while limestone sediments are exposed along the right bank and from that point they extend eastward. The right bank area represents the main recharge area for the limestone aquifer.
The role of the Sava River is very interesting in groundwater abstraction in this part of the source. Although the well laterals (radial wells RB-2 and RB-4, Figure 1 ) are placed directly below the riverbed, the results of hydrodynamic investigations and well water quality tests show that the water in the wells does not predominantly originate from the river. Further investigations showed that the well water is a blend of groundwaters from two aquifers. The results of analyses of water sampled from the radial wells gave rise to detailed investigations of groundwater in this part of the source.
In addition to radial wells RB-2 and RB-4 which are located adjacent to the river, in this part of the source there are several tube wells: two (OCB-54 and OCB-55) tap the alluvial aquifer, and two (IEBUS-1 and IEBUS-2) tap the limestone aquifer ( Figure 1 ). The alluvial wells are not production wells but observation wells.
METHODS
The research comprised a combination of field and laboratory tests and analyses, using cutting-edge modeling and thermodynamic calculation methods. Both short-term and long-term pumping tests were conducted and groundwater quality was analyzed before, during and after each pumping test. During the course of the research project, several piezometers and wells were installed in both the alluvial and limestone sediments.
Five boreholes were made in the alluvial sediments and core samples were collected for geochemical analyses (P-1, P-2, P-3, P-5 and P-10). From the alluvial aquifer were taken 24 groundwater samples from two wells (OCB-54, OCB-55) and five piezometers (P-6, P-9, P-10, Ps-55-2, Ps-56-12). Groundwater samples from the limestone aquifer were taken from two wells (IEBUS-1, IEBUS-2) and five boreholes that were made in the limestone sediments, up to a depth of 132 m (PDUS-1, PDUS-2, PDUS-3, PDUS-4 and PDUS-6). During the investigations 21 samples of groundwater were taken from the limestone aquifer. Surface water samples were collected near the left bank of the Sava River. From the river three samples of water were taken and they were collected at the same time as samples from the alluvial and limestone aquifers (Figure 1 ).
Geochemical and hydrochemical analyses included the determination of heavy metal concentrations applying the AAS method. Physico-chemical parameters of the groundwater were determined in situ, using flow cells and suitable electrodes (T, pH, Eh, conductivity, O 2 ). Organic compound concentrations were determined applying GC-ECD and GC-MSD methods and bacteriological analyses were done by standard methods. The software used for geochemical calculations of the hydrochemical component included PHREEQC (Parkhurst et al. ) .
A hydrodynamic simulation of groundwater flow in the wider area of this part of the source was used for analysis of the groundwater flow mechanism, and also of the hydrodynamic relationship of the two aquifers. Commercial software, GWVistas, Ver. 4.25 supplied by Environmental Simulations (Rumbaugh & Rumbaugh ) , based on the wellknown MODFLOW software for groundwater flow calculations, was used to construct the model and perform calculations. Additionally, Modpath, Ver. 3 (Pollock ), a GWV application, was used to determine the direction of groundwater flow.
RESULTS

Geochemistry
The presence of heavy metals in samples of rock material from the alluvion and limestone was determined by geochemical analyses, to assess the possibility of transfer of certain toxic elements into the groundwater under favorable oxidation-reduction and acid-base conditions. The analyses encompassed As, Zn, Cd, Al, Fe, Mn, Cr, Pb, Ni, Mo and Sb. The results of these analyses did not reveal an unusual load of toxic chemical elements. Characteristic of alluvial sediments in this part of the source were iron (0.42-2.58%) and manganese (105-1,800 ppm). The limestone aquifer was characterized with concentrations of iron (0.28-4.55%) and manganese (50-1,170 ppm). Elevated concentrations of these elements could be expected in the groundwater, especially under favorable anaerobic conditions.
Hydrochemistry
Hydrochemical investigations encompassed the determination of the physical features and chemical and microbiological compositions of both groundwater and river water (Papić & Rakić ) . The results are shown in Table 1 as mean values.
Alluvial aquifer
Based on 25 analyses of groundwater samples from the alluvial sediments in the area of the Sava's mouth, the water was found to be poorly mineralized (TDS about 450 mg/L) and exhibited slight alkalinity (pH about 7.4). The cation content was dominated by calcium ions, followed by magnesium and potassium. The hydrogeochemical genetic coefficient Ca/Mg (meq) was 1.5-2.5, indicating the existence of calcite and dolomite in the sediments. X-ray tests of the alluvial sediments confirmed the presence of dolomite, quartz, calcite and feldspar. Hydrochemical tests (calcium-magnesium type of water) showed the possible presence of dolomite in the alluvial sediments. According to the anion composition, the water is of the hydrocarbonate type, followed by chlorides, characterized by low sulfate and nitrate ion concentrations. As a consequence, the oxidation/reduction potential is low (Eh ∼40 mV), characterizing a poorly reducing environment, and the concentration of dissolved oxygen is also low. Still, it should be noted that iron (3-6.5 mg/L) and manganese (0.56-0.9 mg/L) ions occur in high concentrations. This means that the Fe(II)/Fe(III) system determines oxidation/reduction conditions, due to the high concentrations of these elements in the sediments, as already mentioned. Based on the ions of the nitrate triad, the groundwater of this aquifer is characterized by high concentrations of the ammonium ion (5-10 mg/L) of organogenic origin, and low concentrations of nitrate ions (1.7-4.5 mg/L). Concerning other elements, groundwater sampled from piezometers contained a high concentration of zinc (up to 14.5 mg/L), as a result of the construction material (galvanized pipes). This was not the case with the wells, as they are made of steel.
In summary, the investigated groundwater from the alluvial sediments is of the hydrocarbonate-calcium, magnesium type, characterized by elevated concentrations of ammonium, iron and manganese ions, and an increased organic content (KMnO 4 above 12 mg O 2 /l), which occurs naturally in these sediments. The selected group of hydrochemical parameters indicates, as in many other water sources in alluvial sediments, the presence of elements-followers (Fe-Mn-NH 4 þ ) and organic substances. Microbiological analyses determined the presence of Bacillus spp.
Limestone aquifer
Hydrochemical investigations of the limestone groundwater showed that, based on physical properties, the temperature was somewhat elevated, up to 17 W C. The groundwater was found to be poorly mineralized, with a TDS level of about 500 mg/L, which was higher than for the alluvial groundwater. The oxidation/reduction potential ranged from 218 to 345 mV, which was indicative of an oxidation medium, and oxygen concentrations varied from 3 to 6 mg/L. Calcium, magnesium and potassium ions dominated the macro-component content. The genetic coefficient Ca/Mg (meq) of about 1.5 suggested that the water originated from limestone, even parts of dolomitic limestone. This type of aquifer is characterized by elevated sulfate (about 40 mg/L) and nitrate (about 40 mg/L) concentrations. Regarding the ions of the nitrate triad, the concentrations of ammonium ions (0.01 mg/L) and nitrate ions (0.02 mg/L) were low. Organic content determined as KMnO 4 demand was about 2 mg O 2 /L, and significantly lower than in the alluvial groundwater. Regarding other elements, elevated concentrations of strontium (up to 1 mg/L) were detected, which are a consequence of its presence in carbonate rocks (strontianite). The concentrations of iron (0.02 mg/L) and manganese (0.01 mg/L) were low, regardless of the presence of these elements in the limestone and the oxidation environment within them. Microbiological analyses detected the presence of coliform bacteria E. coli.
Radial wells
The water quality of the radial wells in this part of the source was characterized as poorly mineralized (TDS about 430 mg/L), with temperatures around 15 W C and an oxidation/reduction potential of about 190 mV, which are somewhat lower than in the case of the limestone groundwater. Oxygen concentrations were about 1 mg/L, iron concentrations 0.5 mg/L, and manganese concentrations 0.27 mg/L. The water is of the hydrocarbonatecalcium, magnesium type, and the concentrations of sulfate (25-37 mg/L) and nitrate (3-25 mg/L) are elevated. Ammonium ions are present in concentrations up to 1 mg/L, and KMnO 4 demand is about 4 mg O 2 /L. The genetic coefficient Ca/Mg (meq) of about 1.6 indicated that the water is genetically bound to limestone and dolomitic limestone. This groundwater occasionally revealed the presence of coliform bacteria Escherichia coli that is found in the limestone aquifer and Bacillus spp. from the alluvial aquifer, which indicates mixing of water from these two aquifers. The absence of bacteria species from river water shows that the river water does not have an influence on the formation of the bacteriological composition of groundwater in the radial wells. The mathematical hydrodynamic model, consisting of six schematized layers, represents a complicated mechanism of groundwater flow in this part of the Belgrade Groundwater Source. The two aquifers, each with its own features, are in indirect hydraulic contact and form one hydrodynamic unit (Pušić ) . The Sava River, in this part of its course, flows over a fault zone whose hydraulic role in groundwater flow remains unknown for the time being. It was assumed that some of the river water is in contact with the alluvial aquifer, partly by infiltration through the (considerably) colmated riverbed, and partly through limestone on the right bank, at the very point of the confluence (lacking a clayey interlayer of alluvial and limestone sediments). Model tests indicated that the yield of the radial wells was made up of groundwater originating from the river (6%), the alluvial aquifer (51%), and the limestone aquifer (43%).
Additionally, the results of model tests showed with a high degree of reliability that the aquifer within the limestone sediments extends beyond the riparian zone to the west. This fact is especially favorable given that the limestone in this area is covered by a thick layer of clay and thus very well protected from potential pollution from the ground surface.
DISCUSSION
Based on sediment quality test results, a comparative analysis of surface water and groundwater within the alluvial and limestone sediments allowed for an assessment of the conditions under which the chemical composition and hydrochemical conditions were formed in this part of the Belgrade Groundwater Source. Negative values of the saturation index (SI) indicate that the groundwater is not saturated in relation to the given mineral phase, positive values stand for over-saturation, while values in the interval from À0.2 to 0.2 are indicative of a state of equilibrium (Appelo & Postma ) (Table 2) .
According to thermodynamic stability calculations of the investigated groundwater in relation to mineral phases, separate conditions were noted within alluvial sediments and limestone in this part of the Belgrade Groundwater Source. The groundwater of the alluvial sediments was found to be in balance with dolomite, siderite and strontianite. The SI values were higher than the state of equilibrium for the minerals calcite, Fe(OH) 3 , quartz and rhodochrosite. Mineralogical and petrographical analyses confirmed, among other things, the presence of so-called plated grains. These are grains that are petrogenic (quartz, carbonates and others), covered with iron and manganese oxides. This was reflected in the chemical composition of the groundwater, which is of the hydrocarbonate-calcium and magnesium type, with elevated concentrations of iron and manganese favored by a reducing medium with low Eh values. Besides this, concentrations of ammonium ions were elevated as a consequence of the presence of organic matter in the sediments (KMnO 4 higher than 12 mg/L). A possible answer to the question regarding the origin of the calcium and magnesium composition of the groundwater in the alluvial sediments could lie in aquifer drainage into the Sava sand and gravel, where the limestone complex is below the river deposits.
The groundwater within the limestone sediments was in equilibrium with dolomite and quartz, and over-saturated in relation to calcite and strontianite. The water is of the hydrocarbon-calcium, magnesium type, with strontium (about 1 mg/L) which is also present in strontianite in limestone. The groundwater was found to be unsaturated in relation to siderite, Fe(OH) 3 , and rhodochrosite, but despite that the concentrations of iron and manganese were low, due to the aerobic environment.
The water tapped by the radial wells was unsaturated in relation to dolomite, siderite and rhodochrosite, and over-saturated in relation to calcite and Fe(OH) 3 . Based on the chemical composition, the water was found to be of the hydrocarbonate-calcium, magnesium type.
What do the results of analytical determinations and thermodynamic calculations indicate? A schematic of the hydrochemical conditions which characterize the groundwaters within the alluvial sediments and limestones is presented in Figure 2 . Figure 3 shows the influence of the limestone on the chemical composition of the water tapped by the radial wells. Of the selected hydrochemical parameters, the sulfate ion is the most convenient parameter for calculating the proportions of groundwater from individual aquifers in the radial well water. The oxidation-reduction potential is a highly sensitive and inconsistent parameter of groundwater quality, while nitrates are prone to denitrification at the measured Eh levels of the groundwater (Connell & Patrick ; Pannamperuma ; Payne ). The sulfate reduction process requires much lower Eh levels than those measured in the alluvial aquifer, such that the plots shown in Figure 3 suggest that the proportion of limestone groundwater is some 44% and that of alluvial groundwater 56%. These proportions matched hydrodynamic calculations rather well. The zone tapped by the radial wells is characterized by the following hydrochemical parameters of the alluvial and limestone groundwaters: Eh about 200 mV, iron less than 1.5 m/L, manganese about 0.3 mg/L, and ammonium ion about 1 mg/L. Elevated concentrations of sulfates and nitrates are also indicative of a large similarity with the composition of the limestone groundwater. During abstraction, sodium and chloride ion concentrations slightly increase, which is attributable to their presence in the deeper parts of the limestone sediments, assuming that there is a fault that allows the two types of aquifers, alluvial and limestone, to come in contact.
CONCLUSION
The investigations undertaken in the zone of the Sava's mouth, indicated a special character of the well water drawn from the alluvial aquifer. The groundwater quality was used as an indicator of hydrogeological relationships in this part of the source.
Hydrochemical investigations and calculations showed that the groundwater tapped from the alluvion was loaded with ammonium, iron and manganese ions and organic matter, with low oxygen concentrations and a low oxidation/reduction potential, which are characteristic of a poorly reducing medium. The limestone groundwater exhibited characteristic elevated sulfate and nitrate concentrations, with an increased oxidation/reduction potential which defines an aerobic environment.
Based on the oxidation/reduction conditions, it can be concluded that there is an inverse aerobic feature in this part of the Belgrade Groundwater Source. Even though the radial wells tap the lower portion of the alluvial aquifer, their water quality is predominantly a mixture of groundwaters traced to two aquifers: the upper portion of the alluvial aquifer and the limestone aquifer (which is not in direct contact with the former in this part of the terrain). The distance between the river and the well laterals which are located virtually under the riverbed, is not significant in this case because the riverbed is considerably colmated.
Based on sulfate concentrations, which are a consistent hydrochemical indicator under these hydrochemical conditions, the radial well water contains about 56% of groundwater traced to the alluvial aquifer and 44% to limestone. This was confirmed by hydrodynamic model calculations. The general conclusion was that the radial well water comprises 6% of bank filtrate, 51% of alluvial groundwater, and 43% of limestone groundwater.
These results are important because of the possibility to provide additional amounts of groundwater if the city's water demand increases. 
